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ABSTRACT
Infrared emission stimulated by a C02 laser, wavelength,

10.6 n, has been observed for forty-five organic compounds in the
gaseous state.

These compounds contained various functional groups

including C=0, C-O-C, 0-H, C-N, N-H, C=C, C-Cl, C-I, S=0, P-0, P=0,
N=0, and N-0.
studied.

The IR emission spectra were unique for each compound

The emission peaks in the spectra could be correlated with

molecular deformations (stretching, bending, etc.) in the same way as
absorption spectra.

Emission spectra were obtained for several com

pounds of interest in air pollution studies, including sulfur dioxide,
nitrous oxide, carbon dioxide and nitric oxide.
It was possible to relate emission intensity to sample
concentration.

Studies were conducted on acetone, chloroform, di

ethyl ether, and n-propylamine to determine minimum detection limits.
Two definitions of "minimum detection limits" were considered and
the values for each of the four compounds were determined and dis
cussed with respect to both definitions.

Other compounds were

studied quantitatively, but not as thoroughly as the previously
mentioned four.

Among those were methyl phosphite, dimethyl methyl

phosphonate, and methyl iodide.
The possibility of using emitted fluorescence from a gaseous
sample as an IR source was investigated.

Increases of from 50“500$

in absorbances were obtained for the compounds studied, acetone,
ethanol, and propane.
Possible interferences in the use of IR fluorescence as an
analytical method were considered.
xi

Self-absorption,- induced fluorescence

and thermal effects were evaluated and are discussed In detail.
The possible mechanisms of excitation were Investigated.
Five possibilities were considered; they were direct absorption,
Indirect absorption, induced fluorescence, thermal effects, and the
Raman phenomenon.

It was concluded that no one mechanism was solely

responsible for the emission observed from any one compound.

Rather

all were important to some extent, depending on various factors.
These factors are discussed in the Dissertation.
Investigations of the excitation lifetime were carried out
using a rotating drum technique.

An upper limit for the lifetime,

which did not disagree with published values, was established.

xii

I.

INTRODUCTION

The phenomenon of infrared absorption has been well-known
for many years and studied extensively.

Used in a simple fashion,

it is a powerful tool for qualitative and quantitative analysis.
More sophisticated investigations can lead to detailed knowledge of
molecular structure, such as bond angles, dipole moments, force
constants and moments of inertia.
On the other hand, the infrared emission of molecules has
not been nearly so well investigated.

Energy considerations force

the use of wider slits resulting in low resolution spectra.

This

problem has been circumvented to some extent by the employment of
mirrors to increase the available energy on the slit of the spectro
photometer.
In the main, IR emission of solids has-been studied more
than that of liquids or gases.1"5

Studies have been carried out

with regard to IR emission of gases,6" 10 but it is Important to note
here that in these cases cited the origin of excitation of infrared
emission was thermal.
The phenomenon of IR resonance fluorescence was first
observed experimentally by Millikan16 and expanded in a later paper.17
Using the infrared light emitted by a methane-oxygen flame, he was
able to show that IR resonance fluorescence of carbon monoxide could
be observed.

The signal intensity was very weak, since he used a

relatively weak source - the above-mentioned flame.
IR resonance fluorescence using a more powerful source,
namely a laser, has also been observed recently.16

1

In this experiment

2

i
a He-Ne laser, wavelength

3*39

M»»was used to excite the asymmetric

stretching mode of methane, which occurs at

3*39

M»*

relaxation

time for the transfer of vibrational energy from the 3*39 (A.band to
the 7*6 ^ bending mode of methane was determined.

Hocker, et al19

have observed resonance fluorescence In C02 using a carbon dioxide
gas laser.

In these experiments, the sample tube was placed inside

the resonator of the laser system to utilize the full energy of the
laser.

Bord^, et al11**13 observed that, when a C02 laser beam was

focused on certain unsaturated hydrocarbons, decomposition of the
samples occurred at the focal point with the emission of radiation
in the visible and ultraviolet regions of the spectrum.
In the present study, a carbon dioxide laser, wavelength
10.6 Mi* was used as a source of excitation for gaseous organic sam
ples.

Based on a proposed model14* ^ of the photon, it was suggested

that a strong, coherent electromagnetic field would exist in the
vicinity of a laser beam.
molecules in which there

Such a field may interact with nearby
is a dipole, causing vibration of the

molecule, without decomposition, followed by relaxation.

Such re

laxation should be accompanied by the emission of infrared radiation.
It is important to distinguish this work from that of previous IR
resonance fluorescence studies.

The current work is not limited by

vibrational resonance .modes for excitation to take place.

In pre

vious experiments, the laser was used to excite fundamental modes
occurring at the laser 's wavelength.

The current experiments have

much broader implications to theory and to practical applications.

5
If the emission observed in our experiments is unique for
each compound, a new qualitative analytical method may be possible;
if the intensity of emission can be related to concentrations of
organic species present, then the method may also prove of value as
a quantitative analytical tool.
The method may have application in air pollution studies
in which in situ determinations could be done.

Low10 has been able

to measure the thermal emission of some organic vapors emanating
from smokestack effluents, but because of the weakness of emission,
multiple scan techniques had to be used.

In this instance, it was

hoped that the stimulated emission would be much more intense than
thermal emission alone.

This would obviate the necessity of using

multiple scanning methods.
Another potential application may be in the investigation
of rotational spectra in the IR region.

Heretofore, rotational

spectra have had to be studied in the microwave region.

It would be

extremely advantageous to be able to determine rotational spacings
in the IR region rather than the microwave.
The mechanism of the excitation process is not clearly
understood.

However, observations raise several questions of more

than academic interest.

For example, fluorescence at 5*5 M* corres

ponding to the C-H stretch has been observed, even though the excita
tion wavelength of the laser is 10.6 |jb. Also, molecules which do not
absorb at 10.6

can become excited when placed in the laser beam.

How does this come about?

To shed light on these and other questions

is an intent of this Dissertation.

II.
A.

EXPERIMENTAL

Equipment
1.

beam.
2.

Laser - Perkin-Elmer Model 6200.

Carbon Dioxide continuous

Wavelength 10.6 |i. Nominal output 60 watts.
IR Spectrophotometer - Beckman IR-10.

The nichrome wire

light source was disconnected and the cell compartment lined with
0.25-inch thick Transite sheet, a suitable hole being cut in the
entrance slit position to allow radiation to reach the monochromator.
The instrument was used in the SINGLE BEAM mode throughout all the
experiments.

After initial experiments, the original thermocouple

in the instrument was replaced by one of similar design made by C-. M.
Reeder and Company.

5 . Short Path Cell
a.
marily of glass.

Windows - The sample cell used (Figure 1) was made pri
Several materials have been tested for use as

windows at positions 1 , 2 , and 3 ; viz*» potassium bromide, silver
chloride, and Irtran-2 (Eastman Kodak Company).

Of these, Irtran-2

was found to be the most satisfactory because it was unaffected by
the atmosphere in normal laboratory conditions.

Potassium bromide

was greatly affected by atmospheric moisture and, without rigorous
care, could not be used for extended periods.

Silver chloride was

light sensitive; over a period of several hours, the windows darkened
considerably and thus absorbed and scattered an increasing proportion
of the incident laser beam.

This increased the heating effect of the

laser with the result that the windows melted (m.p. AgCl = ^55° C.).

k

5
The Irtran-2 windows used, diameter 25 mm., thickness 0 .5 mm. or
1.0 mm., had low transmission at wavelengths longer than 16 |Ji. This
prevented the observation of emitted radiation in this spectral
region.
b.

Adhesive Material - Several adhesives were used to fix

the windows in position.

The chief requirements for this were:

(1)

the adhesive should be unaffected by the passage of the laser beam,
and (2 ) the adhesive should provide a reasonably leakproof seal.
With the 10 mm. diameter beam passing through the 25 mm. windows,
it was very difficult to prevent the beam from striking the adhesive
occasionally.
the laser beam.

This was especially true when aligning the cell in
Both of these criteria were found to be satisfied

by Sauereisen Insa-lute adhesive cement (Sauereisen Cements Company,
Pittsburgh I5 , Pennsylvania), which is reported to be resistant to
1100° C.

There was, however, a tendency for the use of this adhesive

to result in cracking of the windows.

An epoxy resin, e.j»., Araldite

(Ciba, A.R.L., Ltd., Duxford, Cambridge, England) or Eccobond (Emerson
and Cuming, Canton, Massachusetts) was satisfactory if it was pro
tected from direct incidence of the laser beam by an IR reflecting
material, ,e.j»., aluminum foil.
4.

Long Path Length Cell
a.

Cell Design - The cell used in these experiments was one

meter long, 10 cm. diameter, and is represented in Figure 2.

A cir

cular opening at one end was fitted with a Teflon plug through which
a Ilk-inch stainless steel shaft for stirring purposes was inserted.

6
At the top of the cell, approximately one foot from one end, was a
T 24/^0 joint for the mirror holder assemblage.

The end windows,

through which the laser beam passed, were of Irtran-2.
window opposite the IR-10 slit was Irtran-6.

The side

In contrast to the

short cell, the windows were placed in a camera lens holder and then
fixed to the cell by surgical tape.
b.

Mirror Holder - The mirror holder design is shown in

Figure 3 . The mirror is mounted to a threaded brass rod, 10 inches
long, 3/l6-inch diameter, as shown.

With this arrangement, the

mirror position can be controlled external to the cell in two dimen
sions.

By means of spacers in the mirror holder backing the vertical

positioning of the mirror can also be controlled.

5 . Absorption Coefficients Using Fluorescence Source
a.

Cell Design - The cell for these experiments is illus

trated in Figure 4.

The cell (compartment A) is 8 cm. long and 3 cm.

in diameter; compartment B is 4 cm. in length and the same diameter.
In this cell, the sample to be irradiated by the laser beam was
placed in section A.

The emission stimulated then passed through

section B, which did or did not contain a sample, and then on to the
IR-10 monochromator.

B.

Reagents - The reagents used were as follows:
Acetylene - Airco., Purified.
Acetone - Baker, Analyzed Reagent Grade.
Acetonitrile - Baker, Analyzed Reagent Grade.

Ammonia - Matheson Company, Anhydrous.
Acetic Acid - Baker, Analyzed Reagent Grade.
Allylamine

Eastman Organic, Practical.

Benzene - Matheson, Coleman and Bell, Reagent Grade.
n-Butylamine - Baker Chemical Company, Practical.
n-Butylchloride - Matheson, Coleman and Bell, Research Grade.
n-Butyraldehyde - Fisher Scientific Company, Certified Reagent.
Butadiene - Matheson Company, C.P.
Carbon Dioxide - Matheson Company, C.P.
Carbon Tetrachloride - Matheson, Coleman and Bell, Research Grade.
Chloroform - Baker, Analyzed Reagent Grade.
Carbon Disulfide - Baker, Analyzed Reagent Grade.
Cyclohexene - Eastman Organic, Practical.
Cyclohexane - Matheson, Coleman and Bell, Research Grade.
Diisopropyl Methyl Phosphonate - )
) Supplied by U. S. Army ReDimethyl Methyl Phosphonate ) search Center, Edgewood
) Arsenal, Maryland.
Diethyl Ethyl Phosphonate
)
Ethane - Matheson, C.P.
Ethanol - U.S.P.-N.F. Absolute.
Diethyl Ether -

Baker, Analyzed Reagent Grade.

Ethyl Bromide -

Baker, Analyzed Reagent Grade.

Ethyl Acetate -

Baker, Analyzed Reagent Grade.

Ethylene - Matheson, C.P.
n-Heptane - Matheson, Coleman and Bell, Research Grade,
n-Hexane - Matheson, Coleman and Bell, Research Grade.
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Methane - Matheson, C.P.
Methyl Isopropyl Ketone - Eastman Organic, Practical.
Methanol - Baker, Analyzed Reagent Grade.
Methyl Iodide - Baker, Analyzed Reagent Grade.
Nitromethane - Eastman Organic, Practical.
Nitrous Oxide - Matheson, C.P.
I
Nitric Oxide - Matheson, C.P.
Nitrogen Dioxide - Matheson, C.P.
n-Pentane - Eastman Organic, Practical.
Propane - Matheson, C.P.
n-Propylamine - Matheson, Coleman and Bell, Research Grade.
Isopropanol - Baker, Analyzed Reagent Grade.
Sulfur Dioxide - Matheson, C.P.
Methyl Phosphite - Matheson, Coleman and Bell, Reagent Grade.
Thiophene - Matheson, Coleman and Bell, Reagent Grade.
Tetraethyl Lead - Supplied by Ethyl Corporation, Baton Rouge
Laboratories.
Isopentane - Eastman Organic, Practical.
Several independent studies were carried out.
in the next section.

These are described

III.
A.

EXPERIMENTAL PROCEDURES AND RESULTS

Short Cell Studies
1.

Procedure - Gaseous samples were passed directly through the

cell at a steady rate up to 2 1,/min.

The flow rate was monitored

using a rotameter (Matheson No. 201A).

When the compound under In

vestigation was a liquid, a stream of dry nitrogen was bubbled
through the sample and then passed Into the cell.
liquid sample used was approximately I50 ml.
flow rate was optimized.

The volume of

For each sample, the

After switching on the laser, a few minutes

were allowed for the system to come to equilibrium.

The readout

signal of the emission spectrum was adjusted to a suitable on-scale
value by means of the SB 100# control.
the range 2.5*16 p* in 53 minutes.

Spectra were recorded over

Heating of the cell, which would

cause emission characteristic of the cell material, was minimized by
directing an airstream at the cell wall opposite window 5» and at
the top (near window 1) and the bottom (near window 2).
conditions, there was virtually no background radiation.

Under these
Especial

care was taken to flush the system thoroughly with air or nitrogen
between experiments to remove traces of the previous sample and
thereby to prevent memory problems.
2.

Optical System - The experimental arrangement used is shown

in Figure 5 .

The cell was clamped vertically in the cell compartment

of the spectrophotometer with window
entrance slit.
photometer.

5 adjacent to the monochromator

The laser was placed on a table above the spectro

The laser beam passed vertically downwards through the

:
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cell via windows 1 and 2, and was subsequently absorbed by the Translte sheet below.

The optimum mutual alignment of the laser and

spectrophotometer was achieved by adjustment to obtain maximum
response for the scatter peak at 10.6 (J.. Some of the emitted radia
tion stimulated by the passage of the laser beam through the gaseous
sample entered the monochromator entrance slit and thus reached the
thermocouple detector.

The IR emission spectrum of the sample was

then recorded in the single beam mode.

To obtain maximum sensiti

vity over the wavelength range scanned, the spectrophotometer slit
was always used in the fully open position.
3-

Results - Figures 6 , 9> 10 > 13> 1^» 17» 18» 21, 22, etc.,

show the emission spectra recorded as described in Part 1 of this
section for 44 organic compounds, both gases and liquids, at atmos
pheric conditions.

Along with the emission spectra are included the

IR absorption spectra (Figures J , 8 , 11, 12, 15, 16, etc.) for com
parison purposes.

The absorption spectra have been reproduced from

the Sadtler Catalog of Standard Spectra and the Index Catalog Number
is noted in each Figure.

Those absorption spectra which have no

Sadtler Catalog Number were taken from Reference 22.
Discussion of each individual spectrum would be too unwieldy.
It was therefore decided to discuss the spectra of a smaller, repre
sentative number of compounds.

Various other spectra will be dis

cussed then with regard to how they differ from the first group.
The first group of compounds that will be discussed are the
following:

methane (Figure 62), ethane (Figure 46), propane (Figure 81),
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n-pentane (Figure J 8 ) , n-hexane (Figure 6 l), isopentane (Figure 9 b ) ,
n-heptane (Figure 58 )> ethylene (Figure 57) > a^d acetylene (Figure 6 ).
The relative intensity of the spectra can be estimated by the
"Relative Sensitivity of Read Out" column in Table I.

It is impor

tant to note here that the emission signal was sufficiently intense
from all compounds studied so that no extra signal amplification
other than that provided by the instrument was necessary.

TABLE I

Vapor Pressure at
Room Temperature

Relative
Sensitivity
of Read Out

Methane

Atmospheric

15

5-16

Ethane

Atmospheric

k

5-16

Propane

Atmospheric

1

5-16

n-Pentane

IlOO mm. Hg.

b

5-16

Isopentane

600 mm. Hg.

b

5-16

n-Hexane

120 mm. Hg.

12

5-16 .

h-Heptane

55 mm. Hg.

12

5-16

Ethylene

Atmospheric

3

5-16

Acetylene

Atmospheric

b

5-16

Propane

Atmospheric

12

ir\
11
ir\
cvj

Compound

Spectral Range
Recorded (ti)

As previously mentioned, the use of Irtran-2 windows in these
experiments prevented detection of emitted radiation at wavelengths
longer than 16 |i. The optical system was found to be less sensitive
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in the 2 .5“ 5 (J< region than in the $-16 (j,region, but emission was
detected at wavelengths less than 5 |x from some compounds, propane,
for example.

Figure 8 la illustrates the emission of propane in the

2*5"5 M1 region.

As can be seen from Table I, the instrumental sen

sitivity necessary to observe this emission was approximately twelve
times that needed in the $-1 6 (jl range for propane.
Comparison of the emission spectra of the compounds being
considered with their respective absorption spectra showed that most
of the major peaks of the two spectra occurred at similar wavelengths.
Based on this observation, it seemed reasonable to deduce that the
emitted bands could be assigned to the same energy transitions as
those assigned in the IR absorption spectroscopy.

Thus, methane

(Figure 62) showed emission in the 7*2-8.4 [X region, which was at
tributable to C-H bending;

Ethane (Figure 46) exhibited emission in

the li.4-15.3 jx region attributable to C-H rocking, and at 6.3"7*5
assigned to C-H bending motions.

The emission spectrum of propane

(Figures 81 and 8 la) showed C-C stretching bands in the 8.3-12.5 M1
range in addition to C-H bending and rocking bands.

The emission

observed in the 3 *2-4.2 jj, region was compatible with C-H stretching
bands.
When the emission spectra of n-pentane and isopentane
(Figures J8 and 9^> respectively) were compared with their IR absorp
tion spectra (Figures 79 an^ 95) > a good correlation between peak
positions and intensity was noted after allowance had been made for
the use of the unprogrammed slit in the spectrophotometer.

Thus, the
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ratio of the peak heights at 7*5 an£i 6*9 p was greater for isopentane
than for n-pentane in both emission and absorption spectra.
relative heights of the C-C stretching peaks at 8.8 and 9*9

The
were

also greater for the branched compound whereas the peak at 11.1 p
predominated in both the absorption and emission spectra on n-pentane.
Furthermore, it was noted that the C-H rocking peak occurred at a
longer wavelength for n-pentane compared to isopentane in both in
stances.
The emission spectra of n-hexane and n-heptane (Figures 61
and 58 , respectively) consisted essentially of C-H bending peaks in
the 6.7-7*5 ^ region.
The emission spectrum of ethylene is given in Figure 57*
The positions of the maxima at 5 . 2 , 7*0, and 10-11 -p are the same as
in the absorption spectrum.

Because ethylene, in contrast to most

of the other'compounds, absorbs strongly at the laser wavelength
10.6 p, it was necessary to dilute the ethylene with nitrogen to ob
tain this emission spectrum.

A dilution ratio of 1:8, ethylene to

nitrogen, was used.
Figure 6 indicates the emission spectrum of acetylene, and
contains the C-H bending peaks at 7*5 an(^ 7*7

These coincide with

the absorption spectrum as did the C-H rocking vibrational peaks in
the I3 -I6 p region.

The C=C stretching peak occurs near 4.7 p and

was not observed for acetylene.
In addition to the compounds discussed above, emission peaks
were also observed at wavelengths compatible .with C-H, C-0, C=0, 0-H,

C-N, N-H, C-Cl, S=0, and P-0 vibrations.

For example, the spectrum

of n-butyraldehyde (Figure 25 ) contains a peak near 5.8 fX corres
ponding to the 0=0 stretch; the n-butylamine emission spectrum has
a peak near 6.2 jj, corresponding to the N-H bending mode; carbon tetra
chloride's emission spectrum (Figure 30 ) contains a peak near I3 p.
corresponding to the C-Cl stretching vibration; the spectrum of di
ethyl ether (Figure 50 ) contains an emission peak near 9*0 jx corres
ponding to C-0 stretch in ethers.
It is germane to note here that emission spectra for several
compounds important in air pollution studies were obtained during
the course of the short cell experiments.

Thus, included here are

emission spectra for sulfur dioxide (Figure 86 ), carbon dioxide
(Figure 29 ), nitrous oxide (Figure 75) 5 nitric oxide (Figure 7^0 >
and tetraethyl lead (Figure 95 )»

Sulfur dioxide's spectrum was

especially encouraging for pollution work because both the asym
metrical and symmetrical stretching vibrations20 occurring near 7*5
and 8 .5 jjx, respectively, were found to give emission peaks.

Although

an emission spectrum for tetraethyl lead was obtained, it was not
possible, to observe the Pb-C stretch occurring near 25 |X because of
the low transmission characteristics of the Irtran-2 windows past.

16 ix.
As previously mentioned, the emission spectra included here
have been uncorrected in that the use of the manual slit in the
spectrophotometer resulted in spectra related to the sensitivity of
the detecting system at all wavelengths.
in the range 5 .5-10 p,.

This sensitivity was maximal
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B.

•

Remote Cell Studies
1.

Experimental Methods - The cell used in these experiments

was of the same design as in Figure 1.

However, this cell was much

smaller, being 8 cm. long and 2.5 cm. in diameter.

This cell was

located approximately one meter from the IR-10 monochromator slit.
A parabolic mirror of focal length 15 cm. was positioned inside the
IR-10 cell compartment opposite the monochromator slit.

This mirror

was aligned to focus the emission from the gaseous sample in the cell
through the IR-10 entrance slit.

The cell was filled with the gaseous

sample, the laser beam directed down the cell length, and the emission
spectrum recorded.
2.

Results - It was found that emission spectra could be obtained

from compounds such as acetone, which absorb at 10.6 p,. However, for
compounds such as formic acid and methane, which do not absorb at

1 0 .6 p., and have relatively low sensitivity detection, it was not
possible to obtain a recognizable emission spectrum.

This might be

attributable to poor instrumental sensitivity, although it must be
admitted that this poor instrumental performance was also present
throughout the long cell studies.

The intent of this work had been

to show the feasibility of using a mirror to collect remotely excited
emission and to obtain emission spectra in this manner, as a prelude
to the long cell studies.

For this reason, no extended study of a

large number of compounds was attempted.
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C.

Fluorescence Observed from Long Path Cel'ls
1.

Experimental Method and Optics - The cell is described in

the Equipment Section of this Dissertation.
fered from that shown in Figures 2 and 3«

The original cell dif
There was no stirrer

present, and instead of the mirror being attached to the brass sup
porting rod it was fitted to a circular ring mounting.

To place

this mounting in the cell, the ground glass end joint was removed
and the mounting adjusted by hand to a position opposite the side
window.

Since this process was very tedious and time consuming, no

adjustments of the mirror could be made while the laser was in
operation.

This initial design of the cell holder was soon discarded

in favor of that shown in Figure 3*
After the cell and the mirror were aligned, ,the cell' was
filled with a gaseous sample by bubbling nitrogen through a liquid
and then into the cell.

An alternative procedure was to introduce

liquid samples into the cell with a pipette.
allowed to evaporate.

The sample was then

The latter method proved to be unsatisfactory.

No means of dispersing the sample was available in the original cell
and diffusion of the sample was the only means by which dispersion
could be effected.
2.

In some cases, this could take several hours.

Results - An initial problem encountered with the studies

using a long cell was the high intensity of the background.

This

background originated from the end Irtran window and the glass
around it, which heated up during laser operation.

It was possible

to reduce this heating to some extent by directing a stream of
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compressed air at the end window.

The background recorded could be

reduced even more if the collecting mirror was turned so that a
shorter pathlength of the cell was viewed.
Initial studies using relatively large sample volumes (2-5
ml.) of acetone, diethyl ether, and nitromethane showed that self
absorption of analytical lines could occur with this system.
Figure 96 shows this reversal exhibited by acetone.'

To obtain

emission spectra of the compounds it was necessary to reduce the
concentration of the samples.

The problem of reabsorption of IR

fluorescent radiation has been noted by Millikan1 6 >17 in his experi
ments with carbon monoxide.

More intense fluorescence was observed

as the sample size was decreased, but this was compensated by the
net decrease in signal/noise ratio of the spectrometer.
Another difficulty in the initial work was the diminuition
of the laser beam as it traversed the length of the cell by high
concentrations of sample.

In some instances, the laser beam had

been almost completely absorbed by the sample in the first half of
the cell.

This means that the sample in the remaining half of the

cell could not be excited because of the reduction of the radiant
energy available for excitation.

Figure 97 shows the emission

spectrum of diethyl ether using the long cell.

To obtain this

spectrum, one ml. of sample was pipetted in the far end of the cell
and allowed to evaporate.
after evaporation.

The spectrum was recorded immediately

Two emission peaks were recorded showing that

this arrangement could detect emission at a distance, provided the
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path between sample and detector is not sufficiently filled with the
same compound to cause self-absorption.
The results of these investigations led to the remote cell
studies which have been discussed in Section B.

D.

Determination of Absorbances Using Fluorescence Sources
1.. Experimental Procedure - The cell used for these studies is

illustrated in Figure

The sample to be irradiated by the laser

beam was placed in section A.

The emission stimulated then passed

through B (or was absorbed) en route to the IR-10 monochromator.
Experiments were carried out as follows:

after measurement

of the level of background emission (nitrogen in section A and B),
section A was filled with the gaseous sample and the emission inten
sity at a fixed wavelength measured.

Because of fluctuations and

instability of the recorded signal, it was necessary to measure the
average emission signal over a period of 2-3 minutes in order to ob
tain a reasonably reliable value.

Then section B was filled also

with sample and the (lower) emission intensity was measured as before.
After these experiments with various samples were completed,
section A of the cell was eliminated and the sample was contained, in
section B.

Emission intensities were measured using the IR-10

nichrome wire as a source.

The recordings were made using the IR-10

in the single beam mode, with and without sample in section B.
2.

Results - Acetone, ethanol, and propane were selected for

these investigations because of the large number of absorptionemission bands present in their spectra.

Absorbance values using the laser and the nichrome wire as
sources were compared for acetone, ethanol, and propane.

These

values were calculated in the following manner:
A

=

log Iq /I
where A = absorbance
I0 = intensity without sample in section B
I = intensity with sample in section B.

Sample calculation:
a)

With acetone in section A, nitrogen in section B,
the reading was 56 units.

b)

With nitrogen in A and B, the reading was 8 units.
.'. log I0/I

Using the

=

log 56/8

=

0.845

IR-10 nichrome wire as source,

a)

With acetone in section B, the reading was 22 units.

b)

With N 2 in section B, the reading was 97 units.
;. log i0/i

=

log 9 7/22

=

0.665

The results of these experiments are summarized in Table II.
It had been hoped that these fluorescence sources might prove
to be excellent sources of energy for IR absorption spectroscopy.
The molecular emission would provide a line source (somewhat analo
gous to hollow cathodes as atomic sources) in contrast to the con
tinuous sources commonly used in the infrared region.

It can be seen

from the table that, in every instance, the absorbance value obtained
was higher when the organic molecule's emission was used as a source.
The increase in absorbance was from 20$ to 500$.

In comparison with
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TABLE II

Sample

Wavelength
(u)

Acetone

5-6

Ethanol

•

O .85

0 .6 6

7-2

00

00

7.1

0 .6 1

7-3

0.46

• 0 .0 8

8 .0

0 .5 3

0 .1 2

0 .3 8

0 .1 1

8 .5

0 .2 2

0.0k

9*5

0 .6 2

0 .5I4-

7.3

0 .6 8

0.64

8.5

0 .3 8

0 .1 7

8.7

0 .2 2

0 .1 3

9-h

0 .1 7

0 .1 3

8 .1

Propane

Absorbance
Fluorescence
Nichrome Wire
Source
Source

.

•

0 .11).

the increases effected with hollow cathodes compared to continuous UV
sources, this is not large, but in the IR region where optical densities may be 0 .1 or lower an increase to 0 .5 may have practical
significance.

Improvements in the stability of the sources, both the

laser and the gaseous sample in section A, would have to be made before
this technique could be considered useful as a means of obtaining in
creased sensitivity in infrared studies.

21
E.

Mechanism
The mechanism of excitation of organic compounds by the IR laser

is not at all clearly understood.
several processes are involved.

It seems quite probable that
Further, each process may contri

bute to the final fluorescence signal in all cases, although the
contribution of each process may vary depending on the particular
system.

The various possible mechanisms will now be discussed.

Let

it be noted here that the order of discussion does not imply any
order of importance among the several processes.
1.

Direct Absorption of the Laser Beam - The laser used was a

CO2 continuous wave laser, which radiates at 10.6 p,.

If the mole

cule absorbed at 1 0.6 |J., it was thus provided with a means of col
lecting energy directly from the light source.

If the energy is not

immediately reradiated by resonance fluorescence it may be distri
buted among the other degrees of freedom of the molecule.

Other

vibrational modes may become activated, and may emit radiation at
their own characteristic wavelengths.

Pictorially, an atom in the

molecule may be caused to bend or stretch by radiation absorption.
This vibrating atom may cause other atoms to vibrate and then absorb
further -energy at 10.6 pu

Since a laser is a coherent source of

radiation, this means of acquiring energy may be much more efficient
than if the beam is an ordinary non-coherent source.

If non

coherent light is used, there is a phase change between each photon
cloud in the source and absorption would be interrupted and dis
continuous.

5
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It seems probable that compounds such as ethylene, diethyl

ether, and

1,J-butadiene, which have fundamental absorption bands

at 10.6 p, are excited primarily through this mechanism.

However,

this mechanism does not account for observed emission from methane,
ethane, carbon tetrachloride, etc., which do not have fundamental
absorption bands at
2.

10.6 p,.

Absorption at "Non-Absorbing" Wavelengths - Molecular ab

sorption of radiation results In the molecule changing from one
stable energy level to a higher stable energy level.

It Is feasible

that this absorption can occur without a transition between stable
states.

The absorption may be very slight and frequently not be ob

servable, particularly when a non-coherent light beam is used.

How

ever, when a laser beam is used, this phenomenon, if it exists, could
be enhanced.

This phenomenon has not been proved here, but it was

observed that compounds such as sulfur dioxide, methane* carbon tetra
chloride, etc.. which do not exhibit absorption at

10.6 p,, became ex

cited in the laser beam and an IR emission spectrum was obtained. This
mechanism may be of general importance because there are more compounds
that do not have fundamental modes at

10.6 p. than those that do.

5 . Induced Fluorescence - When a mixture of gases was intro
duced into the cell, it was observed that the intensity of emission
of one compound increased considerably.
and propane were studied.
showed strong emission at

Specifically, nitromethane

These were selected because nitromethane

6.3 (A (Figure 70)» where propane showed

none (Figure 81); also, nitromethane showed little or no absorption

at the laser wavelength where propane absorbed relatively strongly.
The two compounds have a common absorption/emission peak near 9*6 |j,.
The intensity of the nitromethane emission at 6 .3 n when the vapor
was present at 20 mm. pressure in an atmosphere of nitrogen (desig
nated A), was compared with the intensity of the same peak when the
cell contained the same concentration of nitromethane and 35 ® mm.
pressure N 2 and propane (b).

The emission intensity was found to be

considerably greater in (b), 98 units versus 40 units for (A), for
the instrumental settings used.

The presence of propane enhanced

the emission due to nitromethane.
The cause of this, which was not unexpected, was probably
that propane absorbed a considerable amount of energy at 10.6 (j,, re
distributed it among its vibrational modes, then re-emitted the
energy.

Since propane and nitromethane have a common peak at 9*6 p,,

the propane, in effect, could act as an internal source for the
nitromethane.

The nitromethane could absorb energy at $-.6 fJb from

this "source" efficiently because it has an absorption peak there.
The redistribution of energy could then lead to increased emission
at the 6 .3

peak of nitromethane.

The significance of this obser

vation is that any two compounds may mutually interfere,
common absorption bands in their IR spectra.

given

In quantitative studies,

this possibility must always be considered.
Similar experiments were also carried out using benzene
vapor and ethylene as sample gases.

In th}.s- instance, it was noted

that the two emission peaks at 14.9 M< and I5 .6 jx, which were attri
butable to benzene, were of greatly increased intensity in the

2k
presence of ethylene.

It seems reasonable to postulate a similar

explanation to that above for this observation.

Ethylene absorbs

strongly at 10.6 (i (see Figure 56 ), whereas benzene' does not, and
both compounds show absorption and emission maxima near 6 .8 |J/
4.

Thermal Effects - It was already known that heating the sample

would cause IR emission. 2 ’3
taken place by way of

Unintentional thermal excitation may have

solid or liquid particles in the beam'which

would have become heated by the laser

or by the warming of the win

dows, 1 and 2, in the short cell experiments.
absorb

The Irtran windows

approximately 25 $ at 1 0 .6 |j„ so they would become warm.
Several experiments

were performedto aid in placing the im

portance of thermal effects in perspective.

These will now be de

scribed and their results discussed.
The observation that non-absorbing compounds (at 10.6 (j,)ex
hibit emission spectra

led

to temperature measurements inside

and outside the short cell while it was in use (see Figure 5 )*

It

seemed possible that the emission observed from such non-absorbing
compounds could be attributed, in part, to indirect heating of the
sample gas by the cell windows and the walls which became heated
during operation.

It was determined'that the temperature of the

areas of the Transite

base-plate upon which the laser beam was inci

dent was ca. 5OO0 C.

Obviously, this would have a considerable

heating effect on the bottom of the cell, which was ca. 1 cm. from
it in normal positioning.

A thermocouple was, therefore, used to

measure the temperatures at various positions inside the cell. These

temperatures varied from ca. 100° C., against the wall adjacent to
the bottom window, to 30 ° C. near the side window near the mono
chromator slit.

Ambient temperature was 22° C.

Using methane as

sample in a closed system, it was shown that the intensity of emis
sion signal observed under these conditions was approximately equal
to the intensity observed when the sample was heated to the same
temperature (32° C.) by surrounding the cell with a heating tape and
controlling the temperature with a Variac. .
A conclusive demonstration that an indirect heating effect
was the major cause of emission signal from methane was provided as
follows:

a sample of methane was allowed to reach equilibrium in

the cell and the emission signal at 7.9

was monitored versus time.

When a relatively steady emission signal was attained, a stream of
cool air was directed at the bottom of the cell to reduce the tem
perature of this a r e a .

The emission signal disappeared within ca.

3 minutes (see Figure 98).

After removal of the airstream, the signal

regained its previous intensity within ca. 5 minutes, jL..e., as the
window, etc., was reheated.
The behavior of methane was further studied by using two
recorders, Varicord Model 43} to monitor simultaneously the intensity
of emission and the sample temperature during an experiment.

This

showed that an emission signal appeared as soon as the sample tem
perature rose above ambient.

The signal reached a constant value

when the temperature was at equilibrium and fell to zero when the
temperature returned to ambient.

Thus, it appeared that a major
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source of the emission signal observed from methane was indirect
heating of the sample gas by the cell walls and windows.
A series of experiments was then carried out with various
sample gases, some of which did, and some of which did not absorb
radiation at 10.6 p,.

It was shown that the emission signal observed

from Group A compounds, viz., methane, acetylene, benzene, carbon
dioxide and chloroform could be eliminated completely by cooling the
cell with a current of air.

None of the Group A compounds absorb at

10.6 (i.

In contrast, the emission of Group B compounds, such as acetic
acid, acetone, ammonia, 1 ,5 -butadiene, ethanol, diethyl ether,
methanol, nitroethane, and propane was reduced to a much lesser
degree by simple cooling.
10.6 pi to varying degrees.

These compounds do absorb radiation at
Presumably, cooling reduced the emission

intensity from most of these compounds by eliminating that portion
which was'attributable to indirect heating.
A further confirmation of the difference between these two
groups of compounds was noted by observing the intensity of emission
signal after switching off the laser beam.
disappeared within 5“5 seconds.

For Group B, the signal

Shorter times than this could not be

measured because of the slow detector response.

Signals from Group A

compounds persisted for much longer periods, _i.,e. , JO-JO seconds,
until the cell and surroundings had cooled to ambient temperature.
During these experiments, it was found that ethane behaved
anomalously.

Ethane, like methane, does not absorb at 10.6 p..

It

was, therefore, expected that the infrared emission detected from
ethane irradiated by the laser beam would be removed by cooling the
bottom of the cell as described above.

In fact, this process pro

duced only a small (10-15 $) reduction in the emission intensity.
This result indicates that indirect heating was not a major source
of excitation energy for ethane.

Since ethane behaved differently

from methane, and the major difference between these two compounds is
the presence of a C-C bond in ethane, it was decided to investigate
the behavior of other compounds containing C-C bonds and transparent
to radiation at 10.6

jj

,.

This showed that cyclohexane and cyclohexene

behaved similarly to ethane in that their infrared emission could not
be removed by cooling the cell with a stream of air.

It appeared,

therefore, that these compounds were excited by a direct interaction
with the laser beam not involving absorption.

5.

Lifetime Studies - In a continuation of the studies of ex

citation mechanism, experiments were carried out to establish the
lifetime of the stimulated IR emission.

These experiments used a

rotating drum of the design shown in Figure 99*

The drum contained

12 slots, each 1 .3 cm. wide, equally spaced around the circumference.
The drum was positioned in relation to the laser beam and infrared
spectrophotometer as shown in Figure 99*

A special emission cell was

made to fit inside this arrangement and, after careful alignment, it
was possible to excite a gaseous sample inside the cell with the laser
beam and to have the stimulated emission reach the detecting system of
the IR-10.

The drum was rotated at speeds varying between I5O and

1300 rpm using a Sargent cone drive stirring motor. 'Rates of rotation
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were measured with the aid of a Strobotac (General Radio Company).
To prevent reflections of the laser beam by the aluminum of the drum
during use, that area of the drum upon which the laser beam was inci
dent was covered, inside and out, with asbestos paper.

It was then

• necessary to take precautions to minimize the heating effect of the
laser on this asbestos.

To this end, a stream of cool air was

directed at the.rotating drum and at the small cell contained within
it.
Acetone was selected as the sample gas in these experiments
. because of the relatively high intensity of its emission.

Some dif

ficulty was experienced in obtaining useful spectra and meaningful
results from these experiments because of the background emission
from the sample cell and the asbestos, and because of the extremely
slow detector response from the IR-10 thermocouple.

Emission attri

butable to acetone was, however, detected over a wide range of speeds
of revolution.

There did not seem to be any obvious correlation bet

ween drum speed and the observed emission intensity.
To demonstrate that the observed emission was short-lived
fluorescence and not caused by the indirect heating of the sample by
the cell, alternate slots in the drum were covered with asbestos and
the drum rotated at 600 rpm.

Emission caused by indirect heating

would be expected to be detectable under these conditions, but no
emission was, in fact, observed.

At this revolution speed with all

slots open, however, acetone emission was observed, and it could be
calculated that this must be fluorescence of a lifetime shorter than
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8 milliseconds.

The experimental set-up used was not capable of re

solving lifetimes shorter than this order of magnitude.
During the course of this work, a paper appeared in the
literature21 in which it is postulated that vibrational relaxation
of an excited molecule with the emission of infrared radiation takes
0.1-10 milliseconds.

Our results do not contradict this conclusion.

6 . Raman Studies
a.

Introduction - It was observed on many occasions that

the laser radiation at 1 0 .6 |i was scattered at right angles to the
laser beam.

On a few occasions, a signal was observed at wavelengths

slightly longer than 10.6 (ji. Because of instrumental limitations, it
was not possible to decide if this second signal was real or due to
slow instrumental response.

Also, some of the 10.6 (j/ signal could

have originated from reflections off the end window of the cell.
Another possibility was that it may have been analogous to the Raman
phenomenon.

In this instance, we may have observed a "Rayleigh line"

at 10.6 |i and rotational energy bands superimposed on this line.
Such an observation would be novel.

It would imply that

rotational energy spectra could be studied in the IR region of the
spectrum.

This would have distinct advantages over the microwave

region, which is now used to study rotational

spacings.

It is known

that rotational spectra are quite specific for most molecules, and
their study in the IR region was an attractive prospect.

It was,

therefore, decided to look for the effect using suitable small mole
cules.
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b.

•

Experimental Procedure - Hydrogen chloride gas was chosen

as the sample for these studies because the calculated frequency
shift for the molecule at room temperature was of the order of 85 cm”1,
well within the resolving capabilities of the IR-10 spectrophotometer.
Two experimental arrangements were used and are illustrated in Fig
ures 100 and 101.

The HC1 gas was bubbled through sulfuric acid and

then allowed to flow into the cell.
c.

Results - Repeated attempts to observe the suspected

Raman effect went for naught.

It was believed that this was due to

the weak intensity of the scattered radiation.
One disastrous result of these experiments was to strip
the reflecting surface from the front-faced mirror in the cell.

This

necessitated replacement'with a new mirror.

Thus, five possible mechanisms of excitation have been
considered.

No one of them seems to be the only means of excitation

for any particular compound; rather, one method would be the major
pathway of excitation, but other possibilities could contribute sig
nificantly to the emission signal.
We might represent these' conclusions as the following
equation:
EF

=

KAT (thermal excitation)
cence)

+

+

K 7 (induced fluores

K /7 (direct absorption)

quantized transfer)

+

+

K w (non

K w/ (Raman excitation).
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As an example, for ethylene the third term in the equation would prob
ably predominate; for methane, the first term, which considers ther
mal effects would be the major term if not eliminated.

For compounds

such as ethane, cyclohexane, or cyclohexene, the first and fourth
terms would be significant.

No evaluation of the importance of the

last term containing the Raman effect could be made.

F.

Quantitative Results
1.

Sensitivity Studies in the Short and Long Cells
a.

Short Cell Sensitivity Studies - The calculation of the

sensitivity of detection of some gases examined was based on two as
sumptions.

First, only gas which was directly in front of the

entrance slit of the monochromator contributed to the detected signal.
This assumes that lifetime of emission is shorter than molecular
motion in the gaseous state.

Secondly, only gas molecules in the

laser beam were excited and emitted radiation.
Based on these assumptions, the volume of gas which con»

tributed to the signal was contained in a cylinder 1 cm. in diameter
(the diameter of the laser beam) and 1 .8 cm. long (the length of the
entrance slit) and was equal to 1.4 ml.

Therefore, for a gas,

1.4/22,430 gmols. of gas were responsible for the emission signal.
For methane, this was approximately 1 mg.

As can be seen from

Figure 62, the most intense emission band was at 8.2 (j, and was 100
units.

Based on the noise level of the IR-10, it should be possible

to detect a signal 2 units high.
methane.

This would be equivalent to 20 ^g.
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Similar calculations for other compounds gave the detec
tion limits for the short cell listed in Table III, below.

TABLE III
Calc. Det.
Limit (ug)

Compound
• Methane

20

Ethane

12

Propane

5

n-Pentane

15

Isopentane

20

n-Hexane

lb

n-Heptane

5

Ethylene

1.2

Acetylene
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A preliminary study of the relationship between gas con
centration and emission intensity was carried out in conjunction with
the sensitivity studies just described.
(1)

Experimental Procedure - While maintaining a con

stant total gas flow rate, methane was diluted successively with in
creasing proportions of nitrogen.

When equilibrium had been attained,

the emission spectra were recorded in the usual manner.
(2)

Results - It was noted that, over the concentration

range examined (20 -100$ by vol. methane, 80 -0 $ nitrogen), the emis
sion signal in the spectral region 7 *2-8 .2 [i varied approximately

linearly with methane concentration (see Figures 102 and lOj).

The

present experimental set-up did not permit the Investigation o£ a
wider concentration range.
It was observed that the emission Intensity from nhexane and n-heptane was lower than from pentane, propane, etc.

It

seems that the lower emission intensity observed was related to the
lower vapor pressure of these compounds and, therefore, to their
lower concentration in the gas cell.

This problem, which would again

be present in the long cell studies of the phosphorus containing c o m - ,
pounds, was one of introducing enough sample in the gaseous state to
be excited by the laser beam.
b.

Long Cell Quantitative Studies
(1)

Experimental Procedure - As mentioned briefly in th

Equipment Section of this Dissertation, the method of fixing the
Irtran windows to the long cell was modified.

Previously,in the

t

short cell and in initial long cell studies, the windows were at
tached to the cell using epoxy resin cement.

This had the disadvan

tage that any slight misalignment of the laser beam resulted in de
composition of the sealant.

This resulted in the introduction of

resin pyrolysis products into the cell, and these gave rise to
extraneous IR emission signals.

In addition, removal of the windows

from the cell for cleaning purposes required pyrolysis of the resin.
Great care was required to avoid breakage of the windows.

When the

windows were removed in this way, they became coated with carbonaceous
deposits which had to be removed before the windows could be replaced

on the cell.
acid.

The most effective cleaning agent was hot perchloric

It was felt that this severe treatment would eventually erode

the windows •.
To eliminate these problems, it was decided to
mount the windows in a camera lens holder and tape the lens holder
to the cell.

The windows were held in the lens holders by spring

clips made from electrical resistance wire. No resin was required
and no organic material was introduced into the cell with this method.
It was also found to be easier to detach the windows for cleaning
purposes.
(2)

Operation of the Long Cell - The most critical as

pect of aligning 'the long path cell, was in the positioning of the
mirror with respect to the laser beam and side window next to the
monochromator slit.> Several attempts were made to optimize the mirror
position by using a pen flashlight at the end of the cell, and adjust- '
ing the mirror so that the visible light could be seen to pass cor
rectly through the IR-10 monochromator slit.

These experiments were

helpful in showing the approximate mirror position needed, and in il
lustrating how critical the mirror alignment was.

However, the final

positioning of the mirror was still largely a trial and error process.
After initial work with the mirror, the light collecting capabili
ties of the optical system was improved by insertion of a wedge '
between the mirror and its mounting.. With the mirror thusly posi
tioned, an acceptable response was obtained from a remote radiation
source (such as a lighted match held at the far end of the cell).
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This caused a new problem, one of minimizing the stray radiation
from the end window and the glass surrounding it.

This stray radia

tion effect was minimized by blowing a stream of cool air at the end
window.

Nevertheless, it was eventually found necessary to turn the

cell mirror so that the end window was not viewed directly.

This

shortened the pathlength of laser viewed by the mirror, and there
fore the detector, from 75 cm* to a maximum of i|0 cm.
(5 )

Instrumental Characteristics of the IR-10 Spectro

photometer - Before investigating the quantitative possibilities of
the long path cell, it was necessary to determine the characteristics
of the IR-10.

In the quantitative work, the instrument would be used

at its highest possible sensitivity.

This necessitated knowledge

concerning the position and shape of the instrumental background
signal.

This was in contrast to the short cell studies in which the

IR-10 was used to detect signals from much larger samples.

In that

work, the background was usually below the electrical zero of the
spectrophotometer so that a false flat baseline resulted (see
Figures 6 , 9> 10, etc., for example).
Figure 104 shows a typical IR-10 background in the
5-16 [j, region with the long cell in position and the laser off.
IR-10 is at its maximum sensitivity settings.

The

To flatten out this

background somewhat meant reducing instrumental sensitivity by a
factor of 50 .
This variation in background meant that it was not
possible to scan the 5-16 |j, region with one set of instrumental
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conditions.

In addition, alteration of any of these conditions

altered the position of the recorder baseline.
be discussed more fully later.

This last point will

In obtaining quantitative data, one

peak was monitored at a time, and the background was less of a prob
lem, unless the emission peak fell in a region of sharply sloping
background.
The 5"6.5

regi°n presented an additional problem

with the presence of peaks in the background at 5 .5 p, and 6.4 p..
The origin of these peaks is unknown.

These peaks interfered to

some, extent with some analytical peaks used in these studies, namely,
the C=0 stretch of acetone and the N-H bending mode in n-propylamine.
(a)

Slit Control - The variation of signal in

sity with slit control setting is shown in Figure IO5 . The instru
ment was usually operated with the slits fully open.

Occasionally,

an arbitrarily chosen position, "A" (between fully open and 2.0), was
used when instrumental conditions necessitated it.

When the slit

opening was increased, the baseline moved to a lower overall reading.
This occurred whether the long cell was in position or not and seems •
to be some peculiar characteristic of this instrument.
are represented in a tabular form below in Table IV.

These studies
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TABLE XV
Slit Setting

Intensity
(of 8.5 u Acetone Peak)

1.0

9

1.5

15

1.7

31

2.0

43

"A"

94

Full

135

(b)

SB 100$ Control - This control wa

attenuation during the quantitative work and the variation of signal
intensity with SB 100$ control setting as shown in Figure 106.

In

creasing the SB 100$ control setting had the effect of raising the
background above the baseline.

These results are listed in Table V.

TABLE V
Intensity
SB 100$ Reading_______ (of 8.5 u Acetone Peak)

990

10

992

IT

•995

34

996

41

997

52

999

72

1000

95

(c)

Gain Control - The signal intensi

gain control setting relationship is represented graphically in
Figure 10J.

Increasing the gain control increased pen response and

decreased the position of the background.

This control was operated

on a minimum setting of 5 in order to remain on the plateau region
of the graph.

TABLE VI
Intensity
(of 8 . 5 u Acetone Peak)

Gain Setting

2

2k

3

k2

4

61

5

72

6

69

7

7°

(d)

■

Balance Control - In single beam

creasing the Balance control raises the background.

During quanti

tative studies, this control was used to set the background spectrum
at a suitable level on the chart paper, after the other controls had
been set to the desired settings.
It was found that the instrument took 2-5
minutes to respond to changes in the Balance control setting.

Since

it was changed each time'the SB 100$ control setting was changed,
the collection of data proved to be a slow process.
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It is not totally clear why these various controls
affect the positioning of the baseline in their described wrays.
More stable operation would result when the Balance control was off,'
but this reduced sensitivity severely and suppressed the true back
ground below recording level of the instrurosnt.
All of the above information was obtained by measur
ing the

8.5 H emission peak of acetone.
(4)

Experimental Methods - The appropriate volume of

liquid sample was inserted into the cell at the stirrer end.
was effected by means of a Hamilton syringe or pipette.

Transfer

The sample

was dispersed throughout the cell with the use of the stirrer.

The

selected emission peak was scanned immediately after sample injection
and scans repeated until the sample was completely evaporated and
dispersed throughout the cell.

The height of the emission peak was

then obtained as shown in Figure 108.
2.

Results - Plots of emission intensity versus sample volume

were made for chloroform, diethyl ether, acetone and n-propylamine,
and are shown in Figures 109** 112.
listed in Table VII below.

As can be seen, there are two "detection

limits" given and the definition
Table.'

j

Estimated detection limits are

of each is explained under the

TABLE VII
Range of
Sample Size

Peak
(u)

Compound

Bond

( UR.)

Detection Limit
bt
a*
(hR.)

(UR.)

0 .2 5

Acetone

5-8

C=0

80-1575

80

Acetone

8 .3

C-C

80-2360

55

0.12

13.4

C-Cl

lij.5-lil.5O

50

0.10

Diethyl Ether

9-0

c-o-c

70-2130

55

0.12

n-Propylamine

6.2

N-H

215-2870

215

0 .7 2

Chloroform

.

■

^Detection limit "a" refers to the value obtained from consideration
of the entire cell.
tValues under "b" .refer to the actual quantity of compound emitting
radiation based on the effective volume of the laser beam forward
of the cell mirror. This assumes that the mirror views a pathlength of 35 cm.

3 . Discussion of Intensity vs. Concentration Graphs
a.

Acetone
(1)

8 .3 (i Peak (Figure 109) - A plot of corrected emis

sion intensity versus concentration was linear below a sample size of
1200 jjil. (120 ppm.).

Above this, the curve begins to reach a plateau

indicating self-absorption in this region.
centrations are scattered somewhat.

The points at higher con

It was believed that this was

caused to some extent by the limitations of the dispersing method.
(2)
up to 2000 p,l.

5*8 |i Peak (Figure 109) - A linear plot was obtained
Because of the background peaks in this region pre

viously discussed, it was very difficult to obtain reproducible data
for the C=0 stretching mode.

hi
b.

Chloroform:

l j . h p, peak, C-Cl stretching mode - A linear

plot was obtained over the concentration range extending to 800 pi.
c.
signal

n-Propylamine:

6.2 [j, peak, N-H bending -

Theemission

decayed very rapidly after evaporation, unlike theother com

pounds studied.

In those cases, the signal did decay, but slowly,

over a period of several minutes.

Using the intensity values ob

tained immediately after evaporation of the amine sample, a straight
line graph was obtained.

As might be expected from inspection of the

n-propylamine absorption and emission spectra (Figures 83 and 82, re
spectively), the emission signal at 6.2

(X was

a relatively weak one.

The N-H stretching peak near 2.95 |X» also indicative of an amine com
pound, would not have been a better selection as a characteristic
peak because ..its absorption intensity is only comparable with that
of the bending mode at 6.2 p,.
The method is therefore not as sensitive for this com
pound as for others studied.

In addition to this problem, the vary

ing background hindered measurements at the 6.2 p, peak.
d.

Diethyl Ether:

was obtained up to a sample

9*0 p- peak, C-O-C stretch

- Alinear plot

size of approximately $00 pi.; above

500 pi. the response curve rapidly attained a relatively constant
value. .This seemed to be the most sensitive of the four compounds
studied in terms of self-absorption at the lowest concentration.
Other compounds were investigated in the long cell studies,
but hot so thoroughly as the previous four.
other compounds follows.

A discussion of those
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e.

Methyl Iodide:- Using the 8.0 |4 peak as the peak indica

tive of methyl iodide emission, and introducing a sample of i|00 |il.,
an initial calculation of 60 (il. as the minimum detectable level was
obtained.

This, however, refers to the relatively weak emission

signal from the G-H bending mode.

The more intense G-I stretch near

20 p, would have been a more suitable analytical peak, both from the
point of view of sensitivity and of characterization of the compound.
Even though Irtran-6 , which is transparent to 30 p,, was used as a
side window, no emission at 20 p, was observed for this compound.
f.

Dimethyl Methyl Fhosphonate:

9*6 p, (P-O-C) - The alkyl

phosphonates are relatively high boiling (180-220° C.) liquids and
were not readily detected using the long cell setup.

The major prob

lem was introducing and maintaining the sample as a vapor.

Initially

the compound was boiled in an Erlenmeyer flask outside the long cell
and swept into it via a stream of nitrogen.

The sample quickly con

densed upon entering the relatively cool cell and no emission signal
from the compound was obtained.
Later attempts involved warming the long cell with a
heating tape, the temperature of which was controlled by a Variac.
This proved effective in keeping the sample in the vapor phase.
However, it was still not possible to obtain a signal from the sample
as the thermal signal, from the warm cell swamped the IR-1 0 detector,
making it impossible to get a background spectrum on scale.
For high boiling compounds, such as the phosphonates, it
is suggested that a more utilitarian approach would be to introduce
the sample as an aerosol in a flowing system.

g.

Methyl {Phosphite:

8.6 p,, P-O-C Stretch - This compound

boils at 108° C., and although more volatile than the alkyl phos
phonates, it was still very difficult to detect in the long path
cell.

.When a 200 pJL sample was introduced at room temperature and

allowed to evaporate, the process consumed five hours.

It was not

possible to obtain an emission spectrum unless the long cell was
warmed using the heating tape.
Using a 500 pi. sample, the cell was warmed with the
heating tape and the Balance control adjusted such that the thermally
stimulated emission peak at 8.6 p, was 30 units (Figure 113)»

The

laser was turned on and the signal intensity increased 47 units.
Using this figure of 47 units for 500 pi. and a minimum detectable
signal of 5 units, it should be possible to detect

50 pi. of sample

under these conditions from the laser induced part of the signal.
Although, as mentioned above, the long path cell was not suitable
for detecting high boiling liquids, the results obtained with methyl
phosphite indicate the method has considerable potential for the
detection of phosphorus containing compounds.

The major difficulty

seems to be in maintaining the sample in the gaseous state.
2.

Interferences - The main interferences in the use of IR

fluorescence as an analytical tool were found to be self-absorption,
induced fluorescence and thermal effects.

These three topics have

been discussed extensively throughout the text under, various topics,
_e._g., long cell studies for self-absorption, and the latter two were
considered under the discussion of mechanisms.

However, a summing

bb
up of these topics with the viewpoint of their interfering effects
in the analytical work is considered worthwhile here.
The problem of self-absorption (quenching) in IR fluorescence
is similar to that in UV fluorescence.

The more intense the emission

of fluorophors, the more a problem this will be, because the lower
the concentration of sample would have to be to observe fluorescence
related to concentration.

For example, diethyl ether was very sensi

tive to laser excitation and exhibits self-absorption at a lower
concentration than any other compound studied quantitatively.
Chloroform, on the other hand, was less sensitive than diethyl ether
and the concentration versus intensity curve for it was linear over
a longer concentration range.
actually a mixed blessing.

The problem of self-absorption was

The lower the concentration that quenching

occurs, the more sensitive was the method for a particular compound.
Thus, this problem, in some instances, can be an advantage.
Iiiduced fluorescence would be a serious analytical problem,
because most analytical methods involve samples of mixtures.

It has

been shown that a compound with a common absorption band with the
species under investigation can enhance the emission intensity for a
given concentration.

Thus, before a'quantitative determination could

■be performed, some knowledge of any other components present must be
ascertained.
The problem of thermal effects may be overcome, in some
instances, when performing, in situ, determinations of air pollution
studies.

In these studies, no cell would be present to aid in warming
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the sample. 1 However, in studying such pollutants as smokestack ef
fluents, etc., thermal effects could present a serious problem.

An

accurate recording of background IR emission is essential to minimizing
thermal effects on the accuracy of determinations.

In the case of

studying IR emission of a sample in a cell, one of two courses could
be followed:

(l) if using a short cell, proper cooling via air-

streams of the entrance and exit windows of the sample cell must be
achieved, or

(2 )

instead of using a short cell, use a much larger

(in diameter) and longer cell.

This would place the entrance and

exit windows, which are heat sources by their absorption of laser
radiation, much farther away from the monochromator slit.

Of course,

in this instance, the long cell would have to be used on its side
rather than in a vertical position as is illustrated in Figure 5 .

IV.

DISCUSSION AND CONCLUSIONS

It has been possible to detect laser stimulated infrared
emission spectra of a wide variety of organic gases and vapors.

Most

of these spectra could be correlated with molecular deformations in
the same way as absorption spectra.

Results with different classes

of compounds showed that emission peaks were observed at frequencies
compatible with C-H, C-0, C=0, 0-H, C-N, N-H, C-Cl, S=0, P-0, P=0,
and other bond vibrations.

Thus, it does not seem a bold statement

to say that the method has wide application in studies of organic
vapors by spectroscopic methods.

The short cell studies demonstrated

that the emission spectra obtained were unique for each compound in
vestigated.

This implies the method could be used as a qualitative

analytical tool.

Detection limits in the short cell studies were of

the order 1-20 |ig./ml. sample.

Further studies in the short cell

demonstrated that the concentration of gas was directly related to
the emission intensity detected.
a quantitative analytical tool.

Thus, the method has potential as
Although the concentration ranges

studied in the short cell experiments were not below 20$, this work
in conjunction with remote cell studies was sufficiently encouraging
to warrant investigation of lower concentration ranges for several
organic compounds.
Remote cell studies have demonstrated that stimulated emis
sion could be detected from a sample set one meter from the detection
system.

The radiation was focused onto the monochromator slit with a

mirror arrangement.

This study has potential applications for in situ
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air pollution studies.

The question of this method's applicability

to air pollution problems had been originally considered in the short
cell work.

It was found that IR emission spectra could be obtained

from such compounds as NO, N02, N 20, C02 , S02 , and Pb(C2H5)4. As
previously mentioned, Low10 had been able to determine S02 by remote
sensing methods.

However, the thermal emission signal was of such

weak intensity that multiple scanning techniques were necessary.

In

the current method, sufficient emission intensity was observed for
the air pollution gases that no multiple scanning techniques were
used.

It is felt that further studies on S02, C02, etc., would be a

fruitful area of research for future workers.
The possibility of IR fluorescence being used as a source
in absorption spectroscopy was also studied.

It was thought that

fluorescence from a gaseous sample might prove to be a better source
than conventional nichrome wire ones.

Although only three compounds

(acetone, propane, and ethanol) were studied, it was found in every
instance that absorbance values were higher when compared with the
continuous nichrome wire source.
the conventional source.

Increases ranged from 20-500$ over

Although these enhancements are not excep

tionally high when compared with improvements found in the UV using
a hollow cathode line source, it must be remembered that neither are
the extinction coefficients as large in the IR as they are in the UV.
The main difficulties found in these initial studies were instability
of the source,

> fluorescing vapor.

This could have been due in

some part to fluctuations in the laser power.

Before this technique

would be usable, these problems would have to be surmounted.
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The long path studies were a logical extension of the short
cell work.

The feasibility of detecting IR emission stimulated by a

COo laser had been demonstrated.

It was then necessary to investi

gate the quantitative relationship between concentration of sample
and emission intensity for concentrations in the ppm range.

Initial

studies on compounds such as acetone and diethyl ether showed that
self-absorption of emission peaks occurred for concentrations of
100 ppm. or greater.

Those results were important in that they

showed the possibility of studying concentrations lower than those
used in the short cell experiments.

Acetone, diethyl ether, chloro

form, and n-propylamine were selected for study.
for two reasons:

They were chosen

first, each was suitably volatile to present no

major problem in vaporizing a sample, and second, each contains a
different functional group that could be studied.

Thus, for acetone,

the C=0 stretch at 5.8 |x, and the C-C stretch at 8.5 |i were studied,
for diethyl ether the C-O-C stretch at 9 M>» the C-N bend at 6.2
for the amine compound, and the C-Cl stretch near 13 p, could be
studied for chloroform.

The results for these studies have been

presented in Table VII.

It can be seen that the detection limit

(defining the volume as the entire cell) is of the order IO-3O ppm.
for these compounds.

If the sample emitting radiation, and thus

contributing to the signal, is considered to be only that in the
laser path, the detection limits are reduced to O.O5-5 ppm.

The

former definition, that is, considering the volume in the entire
cell, seems to be the more realistic one.

It should be pointed out

here that although these lower limits are not comparable with other
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instrumental methods, £ .jj. , gas chromatography, this is by no means
a final method of analysis we are submitting.

These are preliminary

investigations into the quantitative analytical possibility of laser
stimulated IR emission and the initial results are very encouraging.
Consider the following problems encountered in the long cell studies.
The poor instrumental performance has been alluded to in previous
sections.

The instrument, a Beckman IR-10, used in these studies is

a medium-priced commercially available spectrophotometer intended
mainly for routine absorption studies.
had a very slow response time,
have.

J Q - ' j O
’

Its detector, a thermocouple,

msec., as most thermocouples

There are much better detectors available, .i.e., semiconductor

devices, with nanosecond response times, are commercially available.
Replacement of the detector in the IR-10 with a better performing one
should result in lowering the detection limit by at least 2 or 3
orders of magnitude.

The collecting mirror used in this experiment

was not of the highest quality.

A larger, more efficient mirror

should increase sensitivity limits by collecting radiation from a
larger solid angle.

Emission sensitivities have the advantage of

being dependent on the intensity of the source; that is, within limits,
the more intense the source, the more intense the emission, and thus
the lower the detectable concentration.

The laser used in these ex

periments had a nominal output of 60 watts.

If this could be in

creased, the emission would also increase and lower limits of detec
tion would be possible.

However, Increasing the laser output would

be much more difficult than replacing the detector and collecting

mirror.

The determining factors in selecting a new detector would

be its cost and adaptability to the 1R-10 electronic circuitry.
The question of the mechanism of excitation of gases in
the laser beam was an important one, and several studies were carried
out in an attempt to understand the mechanism better. It can be con
cluded that more than one process contributes to the final emission
signal recorded.

The possible mechanisms considered were direct

absorption of the beam, absorption at "non-absorbing" wavelengths,
induced fluorescence, thermal effects, and Raman.

No one of these

possibilities seems to be the sole means of excitation for any one
compound.

Thermal effects appear to be very important for molecules

that do not have a fundamental absorption mode at 10.6 p., the laser
wavelength.

However, it was clear that there was stimulation of such
*»

molecules by the laser.

Other compounds such as acetone, acetic acid,

ethylene, 1,3-butadiene, etc., can absorb the laser wavelength, 10.6 p.,
and seem to be excited in this manner.

Induced fluorescence has been

shown to be an important process in mixtures of organic compounds.
It must be reckoned with when considering interferences in the analy
tical method; it can also be considered an asset, as.a means to excite
compounds such as methane, etc.. indirectly.

Although attempts were

made to investigate the possible importance of a Raman effect, no
definite conclusions concerning this can be made.

If a better detector

is incorporated into the instrument for lower sensitivity studies, the
Raman studies should be examined.
area of research in the future*

It is felt this could be a fruitful

51
To sum up:

the author feels that laser stimulated IR emis

sion can be a useful qualitative and quantitative tool for the analy
tical chemist.

Improved instrumentation with regard to the spectro

photometer and collecting mirror in the gas cell could make this a
practical analytical tool.
The importance of air pollution applications of laser stim
ulated IR emission should not be overlooked, nor minimized.

Although

it appears that the use of this method in field applications is not
an immediate one, it is still a distinct possibility.
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